Introduction
Sulfidic sediments and acid sulfate soils (ASS) underlie substantial areas of backswamp on the coastal floodplains of eastern Australia (White et al. 1997) . Many of these backswamp landscapes have been artificially drained (Tulau 1999) and sulfuric horizons are often found within 1 m of the surface (Walker 1972; Lin and Melville 1993) . Groundwater levels are generally shallow (<1 m) and fluctuate seasonally. Acid groundwater is often brackish to moderately saline (Walker 1972 ) with high concentrations of SO 4 2-and acidic metal cations, principally Fe and Al. Large amounts of acidity, Fe and Al are exported from sulfidic backswamps into adjacent estuaries via artificial drainage systems (Sammut et al. 1996; Wilson et al. 1999; Blunden and Indraratna 2000) . The consequences of this export for estuarine biota and ecological function are widely recognised as a major issue and significant resources are currently focused on developing and implementing management strategies to reduce acid outflows.
Before drainage, many sulfidic backswamps were seasonal to semi-permanent wetlands, with surface waters impounded behind the natural levee system after flooding and inundation (Pressey and Middleton 1982) . However, artificial drainage and flood mitigation works have reduced the hydroperiod by approximately an order of magnitude (Middleton et al. 1985; White et al. 1997) . This change in hydrology and rapid removal of surface waters after flooding, combined with land management practices such as grazing and burning, has led to significant changes in wetland vegetation species assemblages (Pressey and Middleton 1982; Middleton et al. 1985; Pressey 1989; NSW Agriculture and Fisheries 1989) . While seasonal and long term hydrology play critical roles in wetland vegetation succession, the pre-drainage vegetation in these ASS backswamps has generally been poorly documented. Available anecdotal information combined with current succession patterns, suggest that some ASS backswamps, particularly those with deeper surface water and prolonged hydroperiods, were dominated by open swamp containing emergent reeds such as Phragmites australis (NSW Agriculture and Fisheries 1989) with fringing stands of swamp forest containing Melaleuca quinquenervia and Casuarina glauca on slightly higher elevation margins.
Melaleuca quinquenervia (Cav.) Blake is a woody tree species native to eastern Australia commonly found in many coastal wetland environments. It can grow to about 25 m tall, has a wide distribution, is well adapted to seasonal waterlogging and can tolerate a diverse range of soil, hydrological, salinity, fire and climatic regimes (Laroche 1999) . It is a hardy, opportunistic species with many pioneering adaptations that facilitate rapid propagation and dispersal, particularly in disturbed areas, and has become a serious exotic weed in large areas of the Florida everglades (DiStephano and Fisher 1983; Laroche 1999) . While there is limited research data on transpiration rates, it was originally introduced to some areas due to a perceived capacity to dry out wetlands (Morton 1966) .
Vegetation can modify the biogeochemistry of the rhizosphere environment through many processes. These include enhanced carbon inputs, root ion exchange and ion exclusion mechanisms, root exudates, radial oxygen diffusion from roots (Armstrong 1975) , hydraulic redistribution of soil water (Caldwell and Richards 1989; Dawson 1993; Burgess et al. 1998) , rhizosphere microbial associations and nutrient cycling (Gobran and Clegg 1996; El-Shatnawi and Makhadmeh 2001) .
Commercial tree planting been proposed as a management option to decrease acid export in coastal ASS backswamps (George 1999) . There is a lack of information about the effects this may have upon the unique sediment geochemistry in ASS backswamps, particularly in cases where trees were not a dominant part of the original pre-drainage vegetation. This current study demonstrates substantial alteration of shallow groundwater and sediment geochemistry has accompanied M. quinquenervia encroachment in an ASS backswamp. This phenomenon has not been documented before in ASS backswamps in Australia and has significant implications for long term management and attempts to reduce acid flux from these systems.
This paper has three aims: (1) To quantify the aerial extent of M. quinquenervia encroachment in an artificially drained ASS backswamp following European occupation, (2) to document and assess and the changes to groundwater and soil geochemistry associated with M. quinquenervia encroachment, and (3) to review processes that may explain the observed changes in groundwater and sediment geochemistry.
Materials and Methods

Study site
The study area is an 8 km 2 artificially drained sulfidic backswamp located in Shark Creek, a small tributary on the lower Clarence River floodplain (29 o 30' S, 153 o 15' E) (Fig. 1) . The backswamp is an infilled Holocene estuarine sub-embayment. The stratigraphy and geomorphic evolution of this backswamp is detailed in Lin and Melville (1993) . The backswamp surface elevation is mostly <0.2 m Australian Height Datum (AHD; 0 AHD ~mean sea level) and is bounded by sandstone upland to the east and a narrow distributary levee adjacent Shark Creek to the west. The backswamp soils are Sulfuric/Sulfidic Oxyaquic Hydrosols (Australian Soil Classification, Isbell 1996 ) (Hydraquentic Sulfaquepts -Soil Taxonomy, Soil Survey Staff 1998 . Sulfidic sediments of estuarine origin are typically found 0.8 to 1 m below the ground surface in the backswamp (Lin and Melville 1993; Johnston et al. 2002a) . These are overlain by highly acidic sulfuric horizons with Fe (III) mineral and jarosite mottles, which are comprised of mainly non-sulfidic sediments, deposited in a brackish lagoonal environment (Lin and Melville 1993) . Soil texture in the sulfuric and sulfidic horizons is predominantly silty clay to clay. The main landuse is grazing, though there is some sugar cane along the natural levee. The climate is sub-tropical and mean annual rainfall on the Clarence River floodplain ranges from 1100 to 1500 mm with a highly seasonal distribution and a distinct wet period from December to May. (Fig. 2) .
Historic vegetation boundary mapping
Shallow groundwater survey
All groundwater samples were collected during 2001 -02, when the water table was within the sulfuric horizons. This was a period of below average rainfall and receding backswamp water tables. Groundwater samples were extracted from the sulfuric horizons in freshly excavated, 0.05 m diameter unlined wells using a hand pump. Groundwater in each well was pumped continuously for several minutes immediately after excavation until largely free of suspended sediment. The very high saturated hydraulic conductivity of sulfuric horizons at this site (due to macroporosity - Johnston et al. 2004 ) ensured rapid well infilling with surrounding groundwater during pumping. The pH, Electrical Conductivity (EC), redox potential (ORP) and temperature were immediately measured using freshly calibrated portable field equipment (TPS 90FLMV 
EM38 survey
Line transect and grid surveys were conducted using a Geonics EM38 electromagnetic induction soil conductivity meter, which was operated in accordance with the manufacturers instructions (McNeill 1986) . The EM38 has a coil spacing of 1 m and measures apparent soil electrical conductivity (EC a ) in mS m -1 in either a vertical (EC a V) or horizontal (EC a H) dipole orientation.
In the vertical orientation the EM38 is more responsive to changes in EC a below 0.45 m, while in the horizontal orientation the maximum response is to the surface and declines with depth. Due to this difference in respective depth response functions, EC a V -EC a H can provide a useful measure of the trend in soil EC a with depth (Slavich 1990) . The mean of the vertical and horizontal readings provides a more effective integration of soil profile EC a than either measurement alone (Slavich 1990) . A number of studies have successfully used EM38 measurements to determine rootzone salinity in areas with shallow saline water tables (Slavich and Peterson 1990; Bennett and George 1995) .
Soil survey
Two soil survey transects were sampled, one bracketing an individual M. quinquenervia (no. 2) and the other perpendicular to the tree line of an encroaching M. quinquenervia forest (c -d) (Fig.  2) . At each soil sampling location a pair of soil cores 1 m apart were collected using a gouge auger to a depth of ~1.5 m. Profiles were described according to McDonald et al. (1990) and the soil surface surveyed to AHD. Samples from each pair of cores were collected at 0.02 m, 0.1 m and every 0.1 m thereafter to a depth of 1.5 m below ground surface and combined in ~equal quantities to create single samples in order to reduce errors arising from spatial heterogeneity. Samples were carefully handled to avoid oxidation of sulfides. A further profile was gouge augured at each soil sampling location and the field pH (pH f ) and ORP (ORP f ) determined at the same depth intervals as above by inserting electrodes (double junction Ag/AgCl) into freshly excavated moist soil, with full electrode calibration and KCl electrolyte replacement between each profile. The approximate bulk density of selected sub-samples was determined (Melville 1998) . Soil samples were oven-dried at 85 o C within 48 hrs of collection and crushed to pass a 2 mm sieve. The EC of a 1:5 water extract was determined for each sample (Rayment and Higginson 1992) and select samples analysed for reduced inorganic sulfur species (S Cr - Sullivan et al. 2000) and total actual acidity (TAA - Ahern et al. 1998; Lin et al. 2000) , water soluble Cl -and SO 4 2-(Ion chromatography -APHA (1995), 4110) and water soluble Al (ICPAES -USEPA 6010). Select samples were also analysed for total organic carbon (Rayment and Higginson 1992) . 
Leaf analysis
Evapotranspiration of groundwater
The additional amount of groundwater evapotranspired by M. quinquenervia relative to open pasture was estimated using the non-steady state chloride mass balance model as described in Slavich et al. (2002) . In shallow water table environments the model estimates net flux of groundwater into the rootzone from changes in chloride storage over a monitoring period. Soil chloride data from profile no. 1 (transect c -d) was used to represent the open swamp before encroachment by forest and profile no. 4 (transect c -d) to represent soil conditions after 60 years of forest growth. This analysis assumes that the increased soil chloride beneath the M. quinquenervia forest was due to enhanced upward flux of groundwater following encroachment, the initial groundwater chloride concentrations and soil chloride storage was the same as profile no. 1, and that loss of chloride to surface floodwaters is small relative to the change in storage.
Results
Vegetation boundary analysis
The results of historic vegetation boundary reconstruction are summarised in Fig. 2 Two EM38 grid surveys conducted around isolated, individual M. quinquenervia growing in open swamp areas showed a clear concentric pattern of increasing mean EC a with individual trees being the loci ( Fig. 6a and b) . The radial extent of the mean EC a increase was relatively localised with the greatest changes occurring within 5 m of each tree. Data showing EC a V -EC a H demonstrates the EC a increases were greater in the horizontal dipole orientation than the vertical ( Fig. 6c and  6d ). This suggests a change in the vertical distribution of conducting ions with relatively greater increases near the soil surface (Slavich and Petterson 1990) . Again the radial extent of this change is in close proximity to both trees. and Fe 2+ at M. quinquenervia no. 1 and no. 2 displayed high correlation coefficients (Table 1 ).
These data demonstrate that mean EC a is a very useful surrogate for assessing changes in groundwater ion / acidic solute concentrations in this backswamp landscape. Positive correlation (r 2 > 0.75) was also observed between the size of isolated, individual trees growing in open swamp areas and the magnitude of the localised EC a increase evident at the base of the tree (Fig.  7) . The soil survey transect bracketing individual M. quinquenervia no. 2 shows there were substantial changes in soil geochemistry spatially associated with the tree. These include; a) A decrease in redox potential directly beneath the tree between -0.4 and -1.0 m AHD (Fig. 8a) . The low ORP values at this depth range 2 m either side of the tree coincided with a distinct sulfurous odour (presumably H 2 S) that was absent from other profiles. b) Decreased pH in the near surface soils directly adjacent to the tree (Fig. 8b) . A slight pH increase also occurred in the sulfuric horizon between -0.3 and -0.6 m AHD directly beneath the tree. c) Significant increases in EC were evident beneath the tree, particularly near the surface and to a lesser extent at depth (Fig. 8c ). This pattern of localised EC increase near the surface corresponds with the EM38 data ( , soluble Al were evident in near surface soils at 2 m and to a lesser extent at 5 m radially from the tree (Fig. 9 ). e) The sulfide oxidation front was ~0.1 m deeper in the soil profile at 2 m either side of the tree compared to 5 m and 10 m (Fig. 9) . Reddish brown Fe (III) oxide mineral deposits occurring as root channel pore linings were clearly evident in the sulfuric horizon at soil profiles located 5, 10 and 20 m radially from the tree. In contrast there was an almost complete absence of Fe (III) oxide minerals lining root channel pores in the sulfuric horizon directly beneath the tree (2 m), corresponding to the zone of decreased soil redox potential. This observation is an important indicator of geochemical change occurring directly beneath the tree.
Encroaching tree lines
Soil EC a , groundwater and soil chemistry were also assessed along transects perpendicular to encroaching M. quinquenervia tree lines. Results show similar changes to those observed beneath individual trees only the magnitude of change is generally greater. However, there are some different trends, primarily in pH, redox potential and mineral precipitation.
The ionic strength of shallow groundwater was much higher beneath encroaching M. quinquenervia forests when compared to adjacent open swamp (Fig. 10) . Fig. 10 compares results from two transects at the Shark Creek study site ('a' and 'b'- Fig. 2 Groundwater sampling was also undertaken along transect e -f, where a more detailed history of M. quinquenervia encroachment was determined from aerial photographs. Groundwater along this encroachment sequence showed steadily decreasing Cl -:SO 4 2-ratios and increasing DOC with time after encroachment (Fig. 11) . A much larger titratable acidity and lower pH also occurred immediately beneath the forest, along with higher dissolved aluminium and arsenic concentrations.
An EM38 grid survey (transect c -d), showed higher soil EC a immediately beneath an encroaching M. quinquenervia forest (Fig. 12) . The extent of M. quinquenervia encroachment at this location was controlled by land management features (i.e. a fence and a drain) and the EC a change conformed very closely to this artificially induced, straight boundary (Fig. 12 ). This location was open swamp between ~1870 and 1942, with encroachment taking place after 1942 (Fig. 2) . This data combined with the significant EC a increases evident at an individual tree scale ( Fig. 6a and 6b ), provides strong evidence that the EC a increase at transect c -d is directly related to M. quinquenervia forest establishment. EM38 readings made along the encroachment sequence (transect e -f, Fig. 11) show a large increase EC a immediately beneath the tree line. The magnitude of the EC a increase is greater in the horizontal dipole orientation, similar to that found beneath individual trees, suggesting enhanced near surface concentrations of conducting ions. A decrease in EC a H is also evident in the pre-1942 encroachment zone. At both transects c -d and e -f, the higher EC a values beneath encroached M. quinquenervia forest were accompanied by a decreasing trend in EC a V -EC a H. This suggests the higher EC a values were associated with enhanced concentrations of conducting ions near the soil surface (Fig. 13 ), which accords with the EC a pattern beneath individual trees. Soil profiles beneath the encroached M. quinquenervia forest at transect c -d had lower pH, higher redox potential and significantly higher EC with depth compared to the open swamp area (Fig. 14) . The magnitude of the EC increase was greatest in the near surface soils. TAA, Cl -, SO 4 2-and soluble Al were also substantially higher beneath the encroached M. quinquenervia forest with concentration profiles indicating near surface accumulation (Fig. 14) . Total organic carbon was also higher in the upper ~0.4 m of the soil profile beneath the encroached M. quinquenervia forest. S Cr data indicate that the sulfide oxidation front was 0.15 -0.2 m deeper in the soil profile beneath the encroached M. quinquenervia forest (Fig. 14) . Using mean soil data from the open swamp and encroached forest and assuming a) deepening has occurred since encroachment, b) the reduced inorganic sulfur species are in the form of pyrite and c) The sulfuric horizon in the open swamp (profiles 1 and 2) had common, distinct reddish brown Fe (III) oxide mineral deposits, occurring as thin coatings lining pore channels and fissures, whereas there were few pale yellow jarosite mottles. In contrast, the sulfuric horizon in the M. quinquenervia forest (profiles 3 and 4) had few Fe (III) oxide mineral deposits, but many prominent, yellow jarosite mottles lining root channel pores, which occurred ~0.15 m (AHD) deeper in the profile compared to the open swamp.
Evapotranspiration of groundwater
The chloride mass balance model estimated an extra 1590 mm of groundwater was used from beneath the encroached M. quinquenervia forest compared to the open pasture. The aerial photographs indicate that the forest is approximately 60 years old. This means the average increase in groundwater use by M. quinquenervia was 27 mm yr -1 over the period of encroachment (1942 -2002) . This could result in a slight lowering of the long term average watertable depth under the forest. This interpretation is supported by the lowering of the pyrite oxidation front (Fig. 14) .
Leaf sample analysis
Results of leaf sample analysis are presented in Table 3 .3. Concentrations of Fe and Al were lowest in green living leaves, higher in senescent leaves and over an order of magnitude higher in forest floor leaf litter. Cl -was highest in the green living leaves, while senescent leaves and forest floor leaf litter had lower, but similar concentrations. Total S did not vary substantially between the various litter fractions. Fig. 2 demonstrates there has been substantial expansion of M.
quinquenervia into the open swamp areas following European occupation. The hydrology of the study area backswamp has been modified by drainage for agriculture, effectively shortening the hydroperiod. Originally there were no natural channels through the distributary levee in the study area. This means that prior to drain construction, water loss from the backswamp after flooding would have been largely restricted to evapotranspiration once surface waters fell below the height of the natural levee (>1 -3.5 m AHD).
While M. quinquenervia is very tolerant of water logging and seasonal inundation, establishment of M. quinquenervia seedlings can be limited by excessively long or short hydroperiods (Myers 1983; Hofstetter and Sonenshien 1990) . In an unpublished study of backswamp vegetation on the Clarence River floodplain, Pressey and Clancy (1980) suggested that M. quinquenervia and C. glauca often occurred as fringing bands on the margins of swamps. This pattern matches the distribution of swamp forest at the study area circa 1870 (Fig. 2) . Fringing patterns of Melaleuca forest distribution (various species) have also been described on some seasonally inundated floodplains in northern Australia (Finlayson and Woodroffe 1996) . One study on the lower north coast of NSW found a significant negative correlation between prolonged deep flooding and M. quinquenervia tree size (Winning and Clark 1996) . Hofstetter and Sonenshien (1990) suggested that M. quinquenervia was more prevalent in wetlands where hydroperiods were shortened by human activities.
Although a direct causal link cannot be demonstrated on the basis of existing data, given the strong relationship between hydrology and wetland vegetation succession, it is plausible that the aerial expansion of M. quinquenervia at the study site may be related to artificial drainage and shortening of the hydroperiod. However, disturbance and fire can also greatly favour M. quinquenervia establishment (Morton 1966; Hofstetter and Sonenshien 1990; Laroche 1999) , thus its aerial expansion may also have been influenced by changed land management practices such as grazing and burning. It is also probable that during the past ~6000 years following postglacial marine transgression, extended dry or wet periods may have encouraged natural vegetation succession and periodic fluctuation in the ratio of swamp forest to open swamp.
Alteration of groundwater and sediment geochemistry
The chemical characteristics of acid sulfate soils are often spatially heterogeneous (Dent 1986 ) and can be influenced by local hydrology and micro-topography (Husson et al. 2000) . An alternative hypothesis is that M. quinquenervia has preferentially colonised what were essentially pre-existing soil and groundwater conditions which had been caused by other factors. However, all survey techniques used in this study revealed highly localised zones of intense changes in soil and groundwater chemistry occurring with randomly distributed, isolated, individual trees being the loci. Further, there was a positive correlation between individual tree size and the magnitude of the localised changes immediately adjacent the trees. There were also large changes in soil EC a corresponding precisely to linear land management features which had limited the extent of forest encroachment (Fig. 12) . Combined, these data led to the rejection of the 'preferential colonisation' hypothesis and strongly suggest that M. quinquenervia encroachment is causing substantial changes to groundwater and sediment geochemistry at the study site.
The rhizosphere consists of a complex mosaic of heterogeneous soil micro-environments (ElShatnawi and Makhadmeh 2001), with many competing and complementary species of bacteria playing important roles in electron transfer reactions involving metals (Warren and Haack 2001) . It is known that vegetation can exert species dependant influences upon rhizosphere pH and redox potential (Nye 1981; Chen and Barko 1988) . Previous studies have demonstrated individual trees can influence pedogenesis and increase soil acidity and exchangeable aluminium (Ryan and McGarity 1983; Gobran and Clegg 1996) . The changes to pH and redox potential in groundwater and soil beneath M. quinquenervia have important implications for metal mobility, reactivity and bio-availability (Gambrell 1994; Warren and Haack 2001) . The differences in the direction of change in pH and redox potential at >0.5 m depth below ground surface beneath individual trees compared to encroached forests are intriguing, and may be related to the competing effects of the various process in operation and differences in the scale their cumulative impacts. Data suggest multiple processes are responsible for the differences in groundwater and sediment geochemistry between open swamp and encroached M. quinquenervia areas. These are discussed below.
Enhanced water use and ion exclusion
M. quinquenervia can tolerate of a wide range of salinity conditions (Laroche 1999) . Ion exclusion during water uptake is a well documented salt tolerance mechanism in both halophytes and non-halophytes (Flowers et al. 1977; Greenway and Munns 1980) . Data suggest that a primary mechanism driving the increased ion concentrations in shallow groundwater and soil beneath M. quinquenervia forests is enhanced water use combined with ion exclusion. Evidence to support this hypothesis includes: a) Increased Cl -concentrations in groundwater and soil beneath both individual trees and encroached forests. The magnitude of this increase is greater beneath encroached forests.
b) The localised, concentric pattern of soil EC a increase with individual trees being the loci. c) Strong positive correlation between tree basal area and the magnitude of EC a increase at the tree base. This is particularly relevant given that basal area has been shown to have a very high correlation with individual tree water use in other Melaleuca species (Hatton et al. 1998 ).
This hypothesis has documented parallels. In arid areas with shallow saline water tables, it has been demonstrated that establishment of tree plantations can lead to localised lowering of groundwater levels and increases in groundwater and soil ion concentrations beneath trees due to enhanced groundwater use (Heuperman 1995; Stolte et al. 1997; Barrett-Lennard and Malcolm 1999; Silberstein et al. 1999; Barrett-Lennard 2002) . In one study the degree of shallow groundwater salinisation was positively related to tree density (Stolte et al. 1997) and in another, leaf density (Barrett-Lennard and Malcolm 1999).
At the study site, when the water table is within the sulfuric horizon, groundwater levels across the backswamp are uniform and piezometer data do not show localised lowering of groundwater tables beneath the encroached M. quinquenervia forest (data not shown). This is attributed primarily to the very high saturated hydraulic conductivity (K sat ) of the sulfuric horizon soils (Johnston et al. 2004) . The high K sat of the sulfuric horizons, whilst enhancing water availability for the trees, is likely to favour rapid groundwater movement with replenishment from neighbouring areas which will inevitably bring more ions (Silberstein et al. 1999) . However, piezometer data do suggest that localised lowering of the water table can occur beneath the encroached M. quinquenervia forest once the water table falls into the sulfidic horizons during a dry period (data not shown). This difference in water table response is likely related to aquifer anisotropy and decreasing K sat in the sulfidic sediments (Johnston et al. 2002a) .
While a number of authors have suggested that Melaleuca spp. are capable of high transpiration rates (Hofstetter 1991; Laroche 1999) Pyrite oxidation rates tend to increase with decreasing pH (van Breemen 1993) and a comparatively lower soil pH is evident in the soils near the sulfuric horizon boundary beneath the encroached M. quinquenervia forest (Fig. 14) . While it is beyond the scope of this study to determine a precise mechanism, there are a number of possibilities which may explain the deepening of the sulfide oxidation front. It should be noted that the possibilities listed below are necessarily speculative and based on a review of known processes.
(1) Enhanced local drawdown of the groundwater beneath M. quinquenervia due to increased evapotranspiration during very dry periods when the water table is in the sulfidic horizon. This could theoretically lead to greater O 2 diffusion and sulfide oxidation, contributing to the deepening of the sulfide oxidation front.
(2) Radial oxygen loss (ROL) from the roots is known to occur in many species of wetland plants in response to O 2 deficient conditions in the rhizosphere (Armstrong 1975; Visser et al. 2000) . ROL can cause localised increases in sediment redox conditions (Chen and Barko 1988) and lead to the creation of oxidised halos surrounding roots (Armstrong et al. 1990) . ROL from living roots was thought to be the primary cause of enhanced pyrite oxidation in sulfide rich marsh sediments in a study by Hsieh and Yang (1997) . Bolton (1999) noted that M. quinquenervia roots lack aerenchymatic tissues, which are normally the primary means of oxygen transport to the roots in many wetland plants. Bolton (1999) proposed that M. quinquenervia may have a unique means of root aeration, via air filled spaces in the cork-like bark network which forms a sheath around the outside of submerged roots.
(3) Fe (III) is an important and highly effective oxidising agent in the microbially mediated degradation of sulfide minerals such as pyrite (Luther et al. 1992; van Breemen 1993; Sand et al. 2001) particularly at low pH (<4 , the large increase in the concentration of dissolved Fe plus the dissolution of Fe (III) mineral deposits (see below) accords with this possibility.
Metal mobility and mineral precipitation / dissolution
The enhancement of Fe and Al in groundwater relative to Cl -is likely to be related, at least in part, to changes in pH and redox potential. Both pH and redox potential exert a major influence on solid / solution reactions and the precipitation / dissolution of various mineral phases, with consequent implications for metal mobility.
The increased Al beneath the encroached M. quinquenervia forest may be due to lower pH and dissolution of clay minerals (van Breemen 1993) and a distinct peak is evident at the sulfide oxidation front (Fig. 14) . Increased solution ionic strength can also increase mineral dissolution rates (Warren and Haack 2001) (Fig. 14) , may be providing a source of organic ligands to drive microbially catalysed reductive dissolution of Fe (III) minerals lining root channel pores (Luther et al. 1992; Lovley 1993; Liang et al. 2000) . The concurrent decrease in redox potential and pH increase in both the groundwater (Figs. 3 and 4 ) and the sulfuric horizon ( Fig. 8a and 8b ) beneath individual trees accords with this hypothesis (van Breemen 1993) . Fe (III) hydroxyoxides are efficient scavengers of other trace metals and these may be released accompanying Fe (III) mineral dissolution and reduction (Warren and Haack 2001) .
The more pronounced jarosite mottling in the sulfuric horizon beneath the encroached M. quinquenervia forest compared to open swamp may be related to the lower soil pH and higher soil redox conditions (Dent 1986 ).
Surface accumulation of soluble ions
The increase in soluble ions in the soil beneath individual trees and encroached forests was greatest near the soil surface (0 -30 cm). This suggests a mechanism of vertical redistribution of ions that is absent in open swamp areas. One possibility is enhanced capillary rise beneath the M. quinquenervia forest. Another possibility is leaf litter. Using data in Table 3 and an assumed annual leaf litter fall rate of 0.7 kg m 2 yr -1 (based on Greenway 1994 and Finlayson et al. 1993) an estimate of the annual contribution of leaf litter to soil solute accumulation can be derived. Using profile 1 to represent open swamp and profile 4 to represent M. quinquenervia forest and assuming an identical initial soil accumulation prior to encroachment and complete loss from the leaves to the soil via leaching, litter accumulation from senescent leaves could theoretically account for 3% and 40% of the differences in soil Cl -and Al, respectively.
Another potential source of ions may be the hydraulic lifting of water, whereby soil water is transported from areas of high water potential (i.e. from deeper in the soil profile) to the near surface rhizosphere by roots (Caldwell and Richards 1989; Dawson 1993) . M. quinquenervia has a shallow rooting habit and while hydraulic lift has not been studied specifically in M. quinquenervia, it is known to occur in a wide range of plant species and environments (Caldwell et al. 1998) . Hydraulic lifting of water is generally a localised phenomena, typically occurring in close radial proximity (<5 m) to the tree (Dawson 1993 ) which matches the pattern of localised solute accumulation observed around individual M. quinquenervia. Recent research suggests that ions may be transported along the roots with the lifted water via apoplastic pathways (J. Richards pers. comm.). This hypothesis is supported by visual observations. An efflorescence of white, soluble acidic salts occurred on the exposed bark of near surface roots of individual M. quinquenervia during a period when the water table was about 0.6 m below the surface.
Management implications
If there are no changes to the current land management and the artificial drainage regime, continued encroachment of M. quinquenervia into open swamp areas is likely to occur at this site. Dense stands of young M. quinquenervia are evident on the margins of existing encroached forest in many locations.
The alteration of sediment and shallow groundwater geochemistry has significant implications for managing acid export. Increased concentrations of acidity and acidic metal cations in groundwater beneath encroached M. quinquenervia areas are likely to enhance the concentrations of soluble acidic products entering drains that bisect these areas. At sites where the dominant pathway of acid flux is groundwater seepage, such as east Shark Creek ASS backswamp (Johnston et al. 2004) , this process may be contributing to existing acid and metal export loads. The potential for acidification of shallow surface water following inundation is likely to be increased due to the near surface accumulation of acidic solutes evident beneath M. quinquenervia.
Further research
A substantial number of questions arise from this study and possible areas of further research include;
• Establish the extent of M. quinquenveria encroachment post-European occupation in other coastal sulfidic backswamps.
• Examine the role of changes to drainage and fire regimes in coastal sulfidic backswamps upon M. quinquenveria encroachment.
• Determine whether similar changes are evident beneath other species of deep-rooted vegetation that have encroached in ASS backswamps (i.e. Casuarina glauca).
• Quantify the implications of enhanced groundwater acidity and near surface soil acidity for acid flux and drainage water quality.
• Identify and quantify the processes involved in the enhancement of soil and groundwater acidity and rank their relative importance.
• Definitively determine if enhanced sulfide oxidation is occurring and identify the mechanism(s).
• Definitively establish the mechanism for the near surface accumulation of ions.
• Identify viable management strategies.
Conclusions
Extensive encroachment of M. quinquenervia in an artificially drained sulfidic backswamp has resulted in large changes to shallow groundwater and sediment geochemistry. The enhanced acidic metal cations and other solutes evident in soil and groundwater are likely to be the result of multiple processes, including increased water use combined with ion exclusion, complex rhizosphere -sediment interactions and possibly enhanced sulfide oxidation. Further research examining M. quinquenervia physiology and its rhizosphere -sediment interactions specific to drained sulfidic soils is required to determine precise causal mechanisms. Enhanced soil and groundwater acidification may be contributing to drainage system acid flux loads and without intervention continued encroachment is likely.
